We investigate projectile breakup effects on 6 Li+ 209 Bi elastic scattering near the Coulomb barrier with the four-body version of the continuum-discretized coupled-channels method (four-body CDCC). This is the first application of four-body CDCC to 6 Li elastic scattering. The elastic scattering is well described by the p+n+ 4 He+ 209 Bi four-body model. We propose a reasonable three-body model for describing the four-body scattering, clarifying four-body dynamics of the elastic scattering.
For
6 He + 209 Bi scattering at 19 and 22.5 MeV near the Coulomb barrier, the measured total reaction cross sections are largely enhanced in comparison with that for 6 Li + 209 Bi scattering at 29.9 and 32.8 MeV near the Coulomb barrier [26, 27] . Keeley et al. [28] analyzed the 6 He + 209 Bi scattering with three-body CDCC in which the 6 He + 209 Bi system was assumed to be a 2 n + 4 He + 209 Bi three-body system, i.e., a pair of extra neutrons in 6 He was treated as a * s-watanabe@phys.kyushu-u.ac.jp † matsumoto@phys.kyushu-u.ac.jp ‡ minomo@phys.kyushu-u.ac.jp § yahiro@phys.kyushu-u.ac.jp single particle, dineutron ( 2 n). The enhancement of the total reaction cross section of the 6 He + 209 Bi scattering is found to be due to the electric dipole (E1) excitation of 6 He to its continuum states [29] , i.e., Coulomb breakup of 6 He, which is almost absent in the 6 Li + 209 Bi scattering. The three-body CDCC calculation, however, does not reproduce the angular distribution of the measured elastic cross section and overestimates the measured total reaction cross section by a factor of 2.5. This problem is solved by four-body CDCC [19] in which the total system is assumed to be an n + n + Bi four-body model. This is the first application of four-body CDCC to 6 Li scattering. The fourbody CDCC calculation reproduces the measured elastic cross sections, whereas the previous three-body CDCC calculation does not. Four-body dynamics of the elastic scattering is investigated, and it is discussed what causes the failure of the previous three-body CDCC calculation. Finally we propose a reasonable three-body model for describing the four-body scattering.
Theoretical framework. One of the most natural frameworks to describe 6 Li + 209 Bi scattering is the p + n + 4 He + 209 Bi four-body model. Dynamics of the scattering is governed by the Schrödinger equation
for the total wave function Ψ, where E is a total energy of the system. The total Hamiltonian H is defined by
with
where h denotes the internal Hamiltonian of 6 Li, R is the center-of-mass coordinate of 6 Li relative to 209 Bi, K R stands for the kinetic energy operator associated with R, and U x describes the nuclear part of the optical potential between x and 209 Bi as a function of the relative coordinate R x . As U α , we adopt the optical potential of Barnett and Lilley [30] . Parameters of U n are fitted to reproduce experimental data [31] on n + 209 Bi elastic scattering at 5 MeV, where only the central interaction is taken for simplicity. As shown in Fig. 1 , the neutron optical potential U OP n thus fitted is consistent with the data. The resultant parameter set is the same as that in the global optical potential of Koning and Delaroche [32] , except parameters a V , W V and W D are changed into 0.55 fm, 0 MeV and 4.0 MeV, respectively. The proton optical potential U p is assumed to be the same as U n . Coulomb interactions in the p-209 Bi and α-209 Bi subsystems are approximated into e 2 Z Li Z Bi /R, because Coulomb breakup effects are negligibly small in the present scattering. The internal Hamiltonian h of 6 Li is described by the p + n + 4 He orthogonality condition model [33] . The Hamiltonian of 6 Li agrees with that of 6 He in Ref. [19] , when the Coulomb interaction between p and 4 He is neglected. Namely, the Bonn-A interaction [34] is taken in the p-n subsystem and the so-called KKNN interaction [35] is used in the p-α and n-α subsystems, where the KKNN interaction is determined from experimental data on low-energy nucleon-α scattering.
Eigenstates of h consist of finite number of discrete states with negative energies and continuum states with positive energies. In four-body CDCC, the continuum states of projectile are discretized into a finite number of pseudostates by either the pseudostate method [13] [14] [15] [16] [17] [18] [19] [20] [21] [23] [24] [25] or the momentum-bin method [22] . The Schrödinger equation (1) is solved in a modelspace P spanned by the discrete and discretized-continuum states:
In the pseudostate method, the discrete and discretized continuum states are obtained by diagonalizing h in a space spanned by L 2 -type basis functions. As the basis function, the Gaussian [14-16, 19, 23-25] or the transformed Harmonic Oscillator function [13, 17, 18, 20, 21] is usually taken. In this paper, we use the Gaussian function. The modelspace P is then described by
where Φ nIm is the nth eigenstate of 6 Li with an energy ǫ nI , a total spin I and its projection on the z-axis m.
In actual calculations, the Φ nIm are obtained for I
for the orbital angular momentum L regarding R. The expansion-coefficient χ from the left and integrating it over all variables except R, one can obtain a set of coupled differential equations for χ
with the coupling potentials
where µ is the reduced mass between 6 He and 209 Bi. The elastic and discrete breakup S-matrix elements are obtained by solving Eq. (8) under the standard asymptotic boundary condition [7, 36] .
We also do three-body CDCC calculations by assuming a d + 4 He + 209 Bi model, following Refs. [28, 29] . As an interaction between d and 4 He, we take the potential of Ref. [37] , which are determined from experimental data on the groundstate energy (−1.47 MeV) and the 3 + -resonance state energy (0.71 MeV) of 6 Li and low-energy d-α scattering phase shifts.
The continuum states between d and 4 He are discretized with the pseudostate method [14] and are truncated at 20 Results. Figure 2 shows the angular distribution of elastic cross section for 6 Li + 209 Bi scattering at 29.9 MeV. The dotted line shows the result of three-body CDCC calculation with U OP d as U d . This result, which is consistent with the previous result of Ref. [28] , underestimates the measured cross section [26, 27] . The solid (dashed) line, meanwhile, stands for the result of four-body CDCC calculation with (without) projectile breakup effects. In CDCC calculations without 6 Li-breakup, the modelspace P is composed only of the 6 Li ground state. The solid line reproduces the experimental cross section, but the dashed line does not. The projectile breakup effects are thus significant and the present 6 Li scattering is well described by the p + n + 4 He + 209 Bi four-body model. This conclusion is true also for 6 Li + 209 Bi scattering at 32.8 MeV shown in Fig. 3 . Now we consider d-breakup in the 6 Li scattering in order to understand four-body dynamics of the scattering. In the limit of no d-breakup, the interaction between d and 209 Bi can be obtained by folding U n and U p with the deuteron density. This potential is referred to as the single-folding potential U Four-body CDCC is applicable also for n + 6 Li scattering that is a key reaction in nuclear engineering. In the scattering, 6 Li breakup into n + p + α is considered to be not negligible for emitted neutron spectra [39] . We will discuss this point in a forthcoming paper.
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